The purpose of this study was to investigate the wave characteristics of breaststroke swimming. Particular emphasis was accorded the question of whether modern breaststroke is "flylike" (referring to the butterfly stroke) and whether "waves" travel along the body during the breaststroke cycle. Selected body landmarks and the center of mass (CM) of 8 Olympic breaststroke swimmers were quantified. Fourier analysis was conducted to determine the amplitude, frequency composition, and phase characteristics of the vertical undulations of the vertex of the head, shoulders, hips, knees, and ankles. The differences in phase between these landmarks for the first (H1) and second (H2) Fourier frequencies were investigated to establish whether body waves traveled in a caudal direction. While the motion of the upper body was somewhat flylike, the velocity of the H1 wave from the hips to ankles was variable among subjects and, for all subjects, was too slow to be propulsive. Contrary to what one would expect, the range of vertical motion of the CM was inversely related to the range of hip vertical motion. The two highest placing subjects, based on preliminary heat times (S1 and S4), were distinguished by a large range of hip vertical motion and a small range of CM vertical motion.
the wave action technique have yet to be established. As recognized by Persyn, it is possible that the undulations of the body may push water backward, thereby producing some propulsion. This is demonstrated in butterfly swimming, where there is evidence that body undulations are timed so that a wave travels along the body. Ungerechts (1982) showed that a body wave progresses caudally from the hips with a velocity similar to that in the swimming action of dolphins. Sanders, Cappaert, and Devlin (1995) showed that butterfly swimmers have a two-beat wave pattern from the hips that is superimposed on a one-beat wave initiated at the head. It was found that the average velocity of the one-beat wave, with respect to the swimmer's frame of reference, was greater than the swimmer's forward velocity with respect to an external reference frame. The wave accelerated as it moved from the trunk toward the feet. Thus, it was thought that the energy transmitted by the wave contributed to a whiplike propulsive kick.
Similarities between butterfly and breaststroke are not surprising, since the butterfly evolved from the breaststroke during the 1940s and 1950s. Given that the butterfly is faster than the breaststroke, one would expect that swimmers would swim the breaststroke in as "flylike" a manner as possible to gain similar advantages. Thus, one might expect evidence of a wave being transmitted along the body by appropriately timed vertical undulations of the body parts. However, the kick in the breaststroke is substantially different from that in the butterfly. Apart from the likelihood that the kick would disrupt the flow of a wave progressing caudally along the body, a restriction of any rapid downward movement of the feet at any time during the kick may prevent the swimmer from taking advantage of a body wave. From this perspective, it is of interest to examine the extent to which the modern breaststroke technique resembles the wave characteristics of butterfly swimming and whether swimmers whose actions are flylike in their wave characteristics achieve better race placings than those whose actions are less flylike.
The purpose of this study was to investigate the wave characteristics of the breaststroke performed by breaststroke swimmers during Olympic competition. Thus, the amplitude, frequency composition, and phase of the vertical motions of Olympic breaststroke swimmers were investigated to establish their relationship to swimming performance. These variables were also compared to those of the butterfly swimmers in the study by Sanders et al. (1995) as an indication of how much the wave characteristics of the breaststroke resembled those of the butterfly.
Methods
Eight Olympic breaststroke swimmers (5 females and 3 males) were recorded on videotape at the 1992 Olympic Games in Barcelona. Swimmers were recorded while competing in the preliminary heats of the 100-m and 200-m breaststroke (Table 1 ). Only those trials in which the subject completed one stroke cycle within the calibrated space were used for later analysis. Due to the small number of subjects who could be analyzed, and since there was no a priori reason why gender per se would affect the relationships among the variables of interest, subjects were pooled across gender.
Video data were collected simultaneously at 60 Hz from four genlocked video cameras. To record motion above the water, two cameras were positioned at the two corners of the 50-m end of the pool (turning end of the pool) and elevated approximately 5 m above the water surface. The remaining two cameras were placed on the floor of the pool underneath the lane lines on either side of Lane 4, approximately 5 m away from the 50-m wall, to record motion below the water. All cameras viewed the swimmer at approximately the 40-m mark of the pool. These positions allowed clear views of all the required body land-marks of the swimmers; in particular, both sides of the body were visible to all cameras throughout the stroke cycle. A three-dimensional calibration frame 2.2 m long (in the swimming direction), 1.5 m wide, and 1.6 m high was filmed separately for the underwater and above-water cameras. The reference frames above and below water had the same orientation, but they were displaced vertically with respect to each other (Cappaert, Pease, & Troup, 1995) . The choice of calibration volume and camera fields of view represented a tradeoff between maximizing image size to ensure accurate digitizing and capturing each swimmer's whole body for a full stroke cycle. With this setup, the vertex of the head and axes of the shoulder, hip, knee, and ankle were digitized with root mean square (RMS) errors less than 0.01 m. From the 12 performances available for analysis, 4 had to be rejected because a full stroke cycle could not be digitized. Separate direct linear transformations (DLT; Abdel-Aziz & Karara, 1971) were conducted to determine 11 DLT coefficients for the underwater and above-water cameras. We took care to ensure that the camera views remained unchanged from the time of calibration to the completion of data collection. The average mean square errors of the calibrated points were X = 0.006 m, Y = 0.003 m, and Z = 0.002 m.
The analysis period comprised one complete stroke cycle based on the swimmers attaining equivalent positions. For most trials, this was based on hand position measures such as hand separation at initiation of the pull phase of the stroke. Three-dimensional coordinates were calculated separately for the underwater and above-water camera sets. Those three-dimensional above-water segment landmarks that were only visible in the above-water cameras were then translated onto the underwater body. Random errors from the digitizing process were reduced using a recursive second-order Butterworth digital filter with a frequency cutoff of 6 Hz.
Coordinates of the CM were determined using the segment proportional mass and center of gravity position data of Dempster (1955) . Vertical (z) and horizontal (x) position data in the forward swimming direction of the CM, vertex of the head, shoulders, hips, knees, and ankles were extracted from the three-dimensional position data records for further analysis. Because this study was a two-dimensional analysis of movement in the vertical plane parallel to the lane lines, the coordinates indicating sideto-side movements (y) were not utilized. Although the y coordinates were not used, the three-dimensional data collection techniques conferred some advantages for the sub- Placings are rankings based on preliminary heat times.
sequent two-dimensional analysis. First, clear views of the required digitizing points were attained throughout the stroke cycle. Second, the calculated x and z coordinates were actual coordinates rather than coordinates of points after being projected onto a vertical plane. Therefore, perspective errors normally associated with two-dimensional analysis were avoided. The analysis methods of Sanders et al. (1995) were duplicated; that is, the vertical position data of each of the body landmarks were input to a Fourier transform (see, for example, Kreyszig, 1993) after subtracting the mean. The output comprised the cosine and sine coefficients of the fundamental frequency and its harmonics. Amplitude (C) of each frequency was obtained by
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where A n and B n are the cosine and sine coefficients for the nth Fourier frequency (harmonic). The phase angle was calculated by:
The contribution by each frequency to the mean square value, or average power, of the signal was given by
The velocity of wave travel along the body was determined for the fundamental frequency (n = 1) and the second harmonic (n = 2). Average velocity of wave travel was determined from the vertex to shoulders, shoulders to hips, hips to knees, and knees to ankles using the relationship
where v is the velocity of travel along the body of either the fundamental frequency (H1) or the second harmonic (H2), d is the displacement between adjacent body landmarks, and t is the time taken for the oscillation of the more caudal landmark to achieve the same phase as the more cephalic landmark. Displacement was regarded as the mean of the differences in x values of the two adjacent landmarks over the stroke cycle. Time was calculated as
where m is the phase angle of the mth body landmark (numbers increasing in the cephalocaudal direction), and T is the period of the stroke cycle.
The same procedure was used to calculate the average wave velocity of H1 from the vertex to the ankles. In this case, the difference in phase between the vertex and the ankles was used in the calculation. Wavelength of this whole-body wave was determined as the average wave velocity divided by the frequency of H1.
Ranges of vertical motion of the vertex, shoulders, hips, knees, CM, and ankles were calculated. Average CM velocity for the stroke cycle was calculated so that the relationship between the wave characteristics during the cycle of interest and the swimmer's speed during that cycle could be established. Using the CM velocity during the stroke cycle was deemed more appropriate than using average race velocities due to the likelihood that the cycle analyzed did not represent the swimmer's overall race performance due to fluctuations in effort and technique throughout the race. A Pearson product moment correlation was performed to establish the relationships among the variables (absolute values of r greater than .66 were significant at p < .05). Table 2 shows the average race velocity of each swimmer, CM velocity, stroke frequency (also corresponds to the fundamental Fourier frequency), and stroke length for the stroke cycle analyzed. Subjects are listed in order of decreasing CM velocity. The CM velocities for the stroke cycle analyzed were 0.06 to 0.20 m · s -1 less than the average race velocities. This was partly because the velocity during stroking was less than that during the dive and turns, the sample being in midrace, and may have also been affected by swimmers slowing slightly as they prepared for the turn.
Results and Discussion

Characteristics of the Swimmers and Their Race Performance
Wave Characteristics-Fourier Amplitude of Undulations and Range of Vertical Motion
Fourier amplitudes for H1 and H2 and the range of vertical motion are presented in Table  3 . The range of motion produced by these waveforms was four times that of the Fourier amplitudes presented. The mean values (across males and females) presented by Sanders et al. (1995) for butterfly swimmers are included for comparison.
Amplitudes of H1 for the vertex and the shoulders were generally greater than those used by the butterfly swimmers. The Fourier amplitudes of H1 for the hip undulations were variable. Two of the swimmers (S1 and S4) had H1 contributions to hip motion that were as great as those of the butterfly swimmers (0.027 m), while the other swimmers had H1 contributions less than the mean value of the butterfly swimmers. However, for S1 and S4, the contribution of the H2 component to hip motion was small compared to that of the butterfly swimmers. Therefore, it should not be concluded that the hip motion of these swimmers was flylike.
The amplitude of the H1 contribution to the knee undulations was larger than the mean H1 contribution to knee motion of the butterfly swimmers. However, whereas the amplitude of H2 was similar to that of H1 for the butterfly swimmers, the contribution of H2 was very small among the breaststroke swimmers.
The amplitudes of H1 and H2 for the ankles reflected differences between subjects in the frequency composition of the ankle vertical motion. In general, both the H1 and H2 amplitudes were smaller among the breaststroke swimmers than among the butterfly swimmers. This indicated that the upward and downward motion of the ankles in the breaststroke was much less vigorous than that in butterfly. This result is hardly surprising given the obvious differences between the breaststroke kick and the butterfly kick. Breaststroke swimmers rely on foot motions that are largely in the horizontal plane rather than the vertical plane, whereas butterfly swimmers gain propulsion from a whiplike action of the legs in the vertical plane involving an acceleration of the H1 and H2 waves in that plane. The current rules prohibiting a vigorous downward beat at any time during the kick effectively prevent the breaststroke swimmer from taking advantage of the opportunity to utilize a flylike whipping action in the vertical plane. The H1 component of the CM undulation was considerable for all subjects and was considerably greater than the H1 contribution to CM undulation of the butterfly swimmers. However, the H2 contribution was much smaller than that of the butterfly swimmers. Despite the small contribution by H2, the average overall range of motion of the CM from its midpoint was greater than 0.060 m, whereas the vertical displacement about the midpoint among butterfly swimmers was generally less than 0.060 m.
There were some interesting relationships between the range of CM vertical motion and important performance variables. There was a negative correlation (r = -.66; p = .05) between CM range of motion and CM velocity, which implied that fast speeds were associated with minimizing the vertical motion of the CM. This result was different from that obtained for the butterfly swimmers. In that study, there was no evidence that raising the CM reduced performance, and, in fact, there were indications (not significant at p < .05) that speed increased as the amplitude of CM vertical motion increased.
There was a strong negative relationship (r = -.69; p < .05) between the range of hip motion and range of CM motion. That is, the larger the hip vertical motion, the Sanders, Cappaert, and Devlin (1995) .
less the CM motion. The relationship was opposite to that which one would expect intuitively, particularly considering that the hips have often been used as an approximation of the CM. It is noteworthy that the highest placing subjects in terms of preliminary heat times (S1 and S4) were also the ones with the greatest hip vertical range of motion (0.20 m and 0.13 m, respectively), while the remaining 6 subjects had a mean of 0.08 m.
Wave Characteristics-Frequency Composition
A very high percentage of the total power in the waveform was contained in H1 of the vertex and shoulder motions (Table 4 ). This means that the vertical motions of vertex and shoulders were simply particular phases of a sinusoidal oscillation. This was a very similar result to that found by Sanders et al. (1995) with respect to competitive butterfly swimmers. The study of masters breaststroke swimmers (Sanders, 1995) indicated that the percentage of power contained in the fundamental frequency of the vertex and shoulders increased as swimmers changed from the conventional to wave action technique. Thus, the results for the current group indicated that these swimmers all used a technique that was closer to being a wave action technique than a conventional flat technique.
The vertical undulations of the hips were more complex than those of the vertex and shoulders and varied greatly among subjects. Unlike the butterfly swimmers in the Sanders et al. study, only one breaststroke swimmer (S7) had a substantial contribution (60.0%) from the H2 frequency component. A high percentage of power was contained in the fundamental frequency of the vertical undulation of the knees. This was very different from butterfly swimming, where the knee undulations have a strong contribution from H2 (see Table 3 ).
There was great variability among subjects in the frequency composition of the ankle undulations. One subject (S2) had a vertical motion of the ankle that consisted almost entirely of H1 (92.5%). However, the other subjects all had substantial H2 contributions, ranging from 19.4% to 57.4%.
The CM undulations were comprised primarily of the fundamental frequency. This was different from the butterfly swimmers, for whom the H1 and H2 contributions to CM undulation were approximately equal (see Table 3 ). 
Wave Characteristics-Phase Differences and Velocity of Wave Travel
Differences in phase between the body landmarks and the velocities of travel of the H1 wave are presented in Table 5 together with comparative data from the Sanders et al. study of butterfly swimming. The study of butterfly swimmers revealed that phase angles, required to address whether waves travel along the body in a consistent manner, were sensitive to error. This was particularly true when the Fourier amplitudes of undulation were small. In the current study there was no consistent pattern, with respect to the H2 wave, due to the small amplitudes of H2 and the great variability of the H2 contribution among subjects. The H1 amplitudes were generally quite large and provided a reasonable indication of whether waves were transmitted along the body consistently.
There was a consistent phase difference in the H1 undulations of the vertex and shoulder, which indicated that the head leads the undulations of the shoulders in a somewhat similar manner to that demonstrated by the butterfly swimmers. The velocity of wave travel from the vertex to the shoulders in the breaststroke was very similar to that in the butterfly.
Phase differences between the shoulders and hips were variable among subjects. However, much of the variability was due to the results for 2 subjects (S2 and S7) who had considerable H2 contributions to hip undulation. With those subjects excluded, the velocity of H1 wave travel from the shoulders to hips in the breaststroke of most subjects was similar to that in the butterfly.
There was great variability among subjects with respect to the phase differences between the hips and knees and between the knees and ankles. The mean velocity of wave travel between the hips and knees in the breaststroke was considerably slower than that for butterfly swimmers and was variable among subjects. The phase differences between the knees and ankles and the velocity of wave travel indicated a very slow progression of the H1 wave between the body landmarks. This wave velocity was much less than that in the butterfly kick.
The H1 phase difference between the vertex and the ankles and average wave velocity, together with the progressive phase differences between adjacent body parts described, indicated that a wave progressed from the vertex to the ankles (whole-body wave). Sanders, Cappaert, and Devlin (1995) . b Two subjects (S2 and S7) with large H2 movement amplitudes excluded. However, the average velocity of this wave in the breaststroke was slower than the average velocity of wave travel in butterfly swimming (1.75 m · s -1 ) and, unlike the wave in butterfly, was slower than the forward motion of the swimmer (see Table 2 ).
There was a strong negative relationship (r = -.79; p < .01) between the wholebody wave velocity and range of vertical CM motion. That is, with increasing velocity of H1 wave travel, the range of vertical motion of the CM decreased. This implies that the energy gained by raising the body is not used to increase propulsion in breaststroke swimming but merely constitutes additional effort. There was a modest relationship between whole-body wave velocity and CM velocity (r =.65; p = .06), indicating that a fast wave velocity was associated with fast CM velocity. However, this relationship was less strong than the relationship between H1 wave velocity and CM velocity in butterfly swimming (females r = .96; males r = .88). The velocity of caudal wave travel was less than the velocity of forward motion of the breaststroke swimmers and was therefore too slow to propel the swimmer by accelerating water backward. However, because the wave approached the velocity of the swimmer, there may be minimal disadvantage of the wave motion in terms of the resistance it creates, and it may be advantageous in restoring or maintaining a streamlined body position with minimal effort. It is noteworthy that the swimmers with the highest placings (S1 and S4) transmitted a wave in the caudal direction relatively consistently. Figure 1 shows the velocity of wave travel from the vertex to shoulder, shoulder to hip, hip to knee, and knee to ankle of S1 and S4. Although the velocity of the wave decreased as it moved along the body, the differences in velocity between adjacent body segments were small for S1 and S4. On the other hand, the calculated wave velocities for the other subjects varied greatly between adjacent segments, indicating that there was not a consistent transmission of a body wave by the lower placing subjects. 
Implications of the Findings
Perhaps the most interesting finding was that the highest placing swimmers (S1 and S4) undulated their hips freely and that this was related to reduced vertical motion of the CM. It may be that the hip motion was part of a wavelike action of the body that benefited performance in ways that were not directly linked to producing propulsion. That is, unlike the wave in butterfly swimming , the wave itself was not propulsive in breaststroke swimming. As the hips moved up and down freely, the energy accrued by the trunk as it was raised during the insweep may have been transmitted along the body as a wave. This energy may have been reused to raise the hips, thighs, and shanks, thereby aiding streamlining. Figures 2 and 3 show the vertical undulations of the vertex, shoulders, hips, knees, ankles, and CM of S1 and S7, respectively (the swimmers with the fastest and slowest CM velocities for the analyzed cycle in the women's 100 m). Note that S7 swam the 100-m race 4.60 s slower than S1. From Figure 2 it is evident that the hips of S1 undulated through a large vertical range (0.20 m). Conversely, Figure 3 shows that the hips of S7 undulated through a small vertical range (0.07 m). By observing the times when each body part attained its peak height, it is apparent from Figure 2 that S1 had a sequence in which the vertex of the head reached its highest point followed by the shoulders, hips, knees, and ankles. The undulations of all the body parts resembled simple waveforms. Thus, the wavelike action in which an H1 wave is transmitted is apparent. On the other hand, the motions of S7 were not sequenced in a manner that suggests a smooth progression of a wave. The waveforms of S7 were more complex than those of 
S1
, with substantial contributions from higher frequencies than H1 creating a "bumpy" appearance.
There was a large range of CM vertical motion in the case of S7 (0.16 m), with the CM being raised as the upper body was raised, then moving downward rapidly with its lowest point closely corresponding to a low point in the hips, shoulders, and vertex. There was a relatively small range of vertical motion of the CM for S1 (0.08 m) despite the large range of vertical motion of the body parts, particularly the vertex of the head and the shoulders. The timing of the hip and knee motions minimized the vertical motion of the CM. During the time that the shoulders and vertex were in a low position, the hips and knees were in an elevated position, thereby minimizing the downward motion of the CM. Thus, it may be speculated that a wavelike action of the body incorporating a large range of vertical motion of the hips has at least two advantages. First, it reduces the need to do work to raise the CM. Second, transmission of a body wave enables energy accrued by the upper body to be reused to raise the caudal half of the body to a streamlined position in which drag is reduced.
